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An interesting time for indirect NP 
searches… 

  Many interesting, 
though statistically 
limited, discrepancies 
observed recently 
 ~2σ deviation of CP 

phase βs in Bs
0→J/ψϕ 

decays observed by 
CDF, D0 
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http://tevbwg.fnal.gov/results/Summer2009_betas/ 



An interesting time for indirect NP 
searches… 

  Many interesting, 
though statistically 
limited, discrepancies 
observed recently 
 MINOS anti-νµ 

disappearance shows 
difference in Δm2 w.r.t. 
νµ disappearance 
result 
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http://www-numi.fnal.gov/pr_plots/pr-nubar.pdf 



An interesting time for indirect NP 
searches… 

  Many interesting, 
though statistically 
limited, discrepancies 
observed recently 
 MiniBoone anti-νe 

result suggests 
agreement w/LSND 
sterile neutrino result 
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arXiV:1007.1150 



An interesting time for indirect NP 
searches… 
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  Most notable example is new Asl
b result from D0  

See following talk by Derek Strom for details… 



CDF and D0 detectors have different 
strengths detecting B hadrons 

Excellent calorimetry, muon id, reverse 
direction of B field 
⇒ Large samples of semi-leptonic and 
forward decays, good direct CPV res. 

Strong tracking system, ability to 
trigger on displaced tracks 
⇒ Good mass resolution, high 
statistics in non-leptonic decays 
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Di-muon triggers have dominated recent results 
  → comparatively easy to trigger, no lifetime bias 



Start from generic likelihood… 
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  Almost all results presented use similar decays, MLL 
fit to measure quantities of interest 

Flavor tagging decision and tagging power  

Account for differences between signal and  
background proper time resolution,  
flavor tagging  

Invariant Mass  Proper time and resolution  
Angular distribution of decay 
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Decays 8 
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Use rare decays to search for flavor 
changing neutral currents 

  Search for processes like 
  B0→µ+µ-, Bs

0→µ+µ-  
 D0→µ+µ- 
  B0,Bs

0→e+µ- 	

    ⇒ leptoquarks 

  SM processes are extremely 
rare or forbidden 
  B(Bs

0→µ+µ-) = (3.6 ± 0.3)×10-9  

  New physics (e.g.  SUSY) 
predicts new sources of 
FCNC 
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Examples of Bs
0→µ+µ- Decay Processes 

   SM processes   New physics processes 

10 



New limit on B(Bs
0→µ+µ-)  
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Uncertainty on production 
fraction contributes 15% 
uncertainty to measurement 



Bs
0→µ+µ- Branching Ratio  

Approaching SM Predictions! 

  B(Bs
0→µ+µ-) @ 95% CL 

 D0 (6.1 fb-1): 

   < 5.1×10-8 
 CDF (3.7 fb-1):  

 < 4.3×10-8  
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SM B(Bs
0→µ+µ-) = (3.6 ± 0.3)×10-9  

http://www-d0.fnal.gov/Run2Physics/WWW/results/final/B/B10B/ 



Study of Bs
0→J/ψK*0  

and Bs
0→J/ψKs

0 decays 
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  Can use Bs
0→J/ψK*0 (J/ψKs

0) to study CP violation 
in Bs

0 system 
 Bs

0→J/ψK*0 helps to understand penguin contributions 
to CP violation in Bs

0→J/ψϕ (PRD 79, 014005 (2009)) 

 Need to understand penguins to “pin down” NP contributions 

 Bs
0→J/ψKs0 can be used to measure τH(Bs

0), CKM γ	

 First need to observe them! 



First Observation of Bs
0→J/ψK*0  

and Bs
0→J/ψKs

0! 
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N(Bs
0) = 64 ± 14, N(B0) = 5954 ± 79 

7.2σ significance w.r.t. null hypothesis 
N(Bs

0) = 151 ± 25, N(B0) = 9530 ± 110 
8σ significance w.r.t. null hypothesis 

  

€ 

B(Bs
0 →J /ψK *0) = (8.3 ±1.2 (stat) ± 3.3 (syst) ±1.0 (frag) ± 0.4 (PDG)) ×10-5  

B(Bs
0 →J /ψK s

0) = (3.5 ± 0.6 (stat) ± 0.4 (syst) ± 0.4 (frag) ± 0.4 (PDG)) ×10-5  

CDF has updated fs/fd (PRD77, 072003 (2008))  
w/new Ds

+→ϕπ+ BR: fs/fd = 0.269 ± 0.033 
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Angular Analysis 15 



FCNC studies of b→sµ+µ-  
decays 
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First observation,  
6.3σ significance 

SM decays expected through EW  
penguin or box diagrams, as in Bs

0→µµ	


http://www-cdf.fnal.gov/physics/new/bottom/091112.blessed-b2smumu_afb/index.html 



b→sµ+µ- absolute and differential  
branching ratios  
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Measure B→hµ+µ- branching ratios relative to B→J/ψh decays 

B+→K+µ+µ- B0→K*0µ+µ- SM expectation 

B+, B0 competitive w/BELLE measurements (PRL103, 171801) 



B→K(*)µ+µ-  forward-backward 
asymmetry & polarization 
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Ps(cosθK )∝
3
2
FL cos

2θK +
3
4
(1− FL )(1− cos

2θK )

Ps(cosθ µ )∝
3
4
FL (1− cos

2θ µ ) +
3
8
(1− FL )(1+ cos2θ µ ) + AFB cosθ µ

For B+, set FL=1 

Define θµ, θK  
in helicity basis 



FL and AFB in B→K(*)µ+µ-  
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B0→K*0µ+µ- 

B+→K+µ+µ- 

BELLE: PRL103, 171801 

Excess in AFB at low q2 



CP Violation in Bs
0→J/ψϕ   20 
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Use transversity basis to separate CP 
even and CP odd states 
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VV final state defines 3D coordinate system 

J/ψ rest frame ϕ rest frame 



Need flavor tagging for best sensitivity 
to CP violation 

  Define opposite side, 
same side tags 
 Can calibrate opposite 

side on B+ decays 
(self-tagging) 

 Need to calibrate 
same side with Bs

0 
decays  
 Use Bs

0 mixing 
measurement 

22 



CDF updates flavor-tagged  
Bs

0→J/ψϕ result to 5 fb-1 
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http://www-cdf.fnal.gov/physics/new/bottom/100513.blessed-BsJpsiPhi_5.2fb/ 

Obtain 0.8σ discrepancy  
w/SM prediction for βs=0.02, 
ΔΓ = 0.096 

Fit includes possible non-zero S-wave component (J/ψf0, J/ψKK) 

Integrating over ΔΓ gives 1σ  
discrepancy with SM expectation  
that βs=0.02 



S-wave fraction consistent  
with zero 
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fs-wave ∈ [0, 6.7%] at 95% CL  



Check βs–ΔΓ fit without flavor  
tagging  
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Untagged and tagged fits  
agree well. 
Clearly demonstrates the  
two-fold reduction in solutions 
due to flavor-tagging…  



Check fit in different data  
periods 
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Fix βs to SM expectation 
27 

Best measurement of Bs
0 lifetime, width difference,  

Bs
0→J/ψϕ polarization amplitudes 



Result now more consistent with  
that observed by D0 

  D0 result very similar to CDF’s! 
 Even more so now… 
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http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B59/ 



Hopefully we’ll also have evidence for NP from direct 
searches at LHC shortly!!! 

Stay tuned for future updates to indirect NP searches! 29 



Back-up 30 



Flavor physics program at Tevatron has 
been tremendously successful! 

  Complements excellent 
programs of BABAR and 
Belle experiments at the    
B-factories 
 e+e- colliders produce B’s at 

the Υ(4S) and Υ(5S) 

  Many unique measurements 
made at Tevatron 
 Observation of Bs mixing 
 CP violation in Bs systems 
 Discovery of b-baryons 

31 



Everyone wants to find “New Physics” 
32 

  The search for physics beyond the standard model 
is pursued through a broad program in HEP and PA 
 Direct searches for evidence of SUSY, leptoquarks, 

gravitons, ??? 
 Searches for dark matter/dark energy 
  Indirect NP searches 

 New physics in loop processes could contribute additional CP 
violating phases, enhance rare decay rates 



Tevatron Performance Has Been Excellent! 

  Delivered ~9 fb-1 of 
integrated luminosity 
 CDF and D0 

experiments each have 
collected >7.4 fb-1 
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Relative & absolute b→sµ+µ- 
branching ratios  
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Use B(B→J/ψh) to calculate absolute branching ratios 

BRs from BELLE (PRL103, 171801) 



Fit results for B→K(*)µ+µ-  
35 

B0→K*0µ+µ- 

B+→K+µ+µ- 



Bs
0→ϕϕ polarization 
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Define decay angles  
using helicity basis 

Use displaced track data set 
to reconstruct Bs

0→ϕϕ signal 



Fit for Bs
0→ϕϕ polarization  

amplitudes 
37 
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Since statistics are low, don’t use time-dependent information (plus, 
trigger selection removes events that decay quickly ⇒ need to 
understand efficiency.)  Completely equivalent to simplest 
likelihood for Bs

0→J/ψϕ.	




Fit for Bs
0→ϕϕ polarization  

amplitudes 
38 

Fit for polarization amplitudes,  
strong phase δ|| N(Bs

0) = 295 ± 20 

Longitudinal and transverse  
polarization fractions 



Mixing and decay in Bs
0   

39 

 Mixing between particle and anti-particle occurs 
through the loop processes 

Oscillations are 
very fast-  
~3 trillion times 
per second!  

New particles 
can contribute to 
box diagram!  



Three types of CP violation 

  Decay of hadrons ↔ direct CPV 
 Only type of CPV for charged mesons 

  Mixing of neutral mesons ↔ indirect CPV 
 Semi-leptonic decays of neutral meson 

  Interference between decays with and without 
mixing 
 B0 → J/ψ Ks

0 ⇒ sin2β 
 Bs

0 → J/ψϕ ⇒ sin2βs 
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Measured precisely 
by BABAR and Belle 



Use Bs
0 mixing to calibrate SSKT  

41 

  Update mixing measurement to 5.2 fb-1 of data 
 Bs

0 → Ds
-[→ϕπ-]π+  

 Bs
0 → Ds

-[→ϕπ-]π+π+π-  

 Bs
0 → Ds

-[→K*0K-]π+  

 Bs
0 → Ds

-[→π+π-π-]π+ 

A = 0.94 ±0.15 (stat) ±0.13 (syst) 
εA2D2 = 3.2 ±1.4% 
cτ = 451.2 ± 5.5 (stat.) µm 
Δms = 17.79 ± 0.07 (stat.) ps-1 
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Mixing and decay in Bs
0 

Δms = mH – mL  

42 

Mixing of Bs
0 mesons is governed by Schrodinger eqn. 

Δ Γs  = Γ L - ΓH 

⇒ 

http://www-cdf.fnal.gov/physics/new/bottom/100204.blessed-sskt-calibration/index.html 



Bs
0→J/ψϕ Decays Are A Good Place to 

Look for New Physics 
43 

  Decays of Bs
0→J/ψϕ gives access to CP violating phase 

predicted to be nearly zero in Standard Model  

  Large phase in b→s transition could lead to significant 
non-zero CP phase 

New physics could produce large 
CP phase! 

G. Hou et al suggest that t’ quark w/mass  
~300 GeV/c2 – 1 TeV/c2  
would give βs~0.5  



1D βs result 
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[0.02,0.52] U [1.08,1.55] @ 68% CL  
[-π/2, -1.44] U [-0.13, 0.68] U [0.89, π/2] @ 95% CL 

1σ discrepancy with SM prediction 


